I. INTRODUCTION
The absence of an electric charge makes it necessary to detect and measure the energy of neutrons by indirect means. Usually, the neutrons are allowed to interact with a hydrogenous medium, resulting in charged secondaries (protons), which are easier to detect. Descriptions of various measurement techniques have been given in several review articles.
1 In particular, neutrons of energy greater than 1 Mev have been studied by observing recoil protons in nee lear emulsions 2 and in cloud chambers?
electronic techniques have been successfully applied in the use of recoi counter telescopes 4 and fast time-of-flight systems. 5 There are several des_irable characteristics and some disadvantages possessed by both the visual and electronic detection schemes. We report here on efforts to use a hydrogen bubble chamber as a neutron spectrometer.
The de:ve lopment 6 of liquid-hydrogen-filled bubble chambers has made available a device that can serve simultaneously as a source and a detector of recoil protons without contamination by other neutron-induced events. They may be characterized as good-resolution devices without the . low detection efficiency encountered in the recoil-proton counter telescope.
Although this is also true of hydrogen-filled c'~oud chambers, there are three significant differences between these two devices. First, the higher \ ...
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density of protons in liquid hydrogen gives rise to greater neutron-detection efficiency than in a comparable volume of gas. Moreover, because of the reduced recoil-proton track lengths in the liquid, a bubble chamber is suitable for detecting more energetic neutrons than is practical in a hydrogen cloud chamber. Furthermore, a bubble chamber possesses a higher duty cycle than a gaseous cloud chamber, making it possible to gather data more efficiently at a particle accelerator.
It shoul'd be noted, however, that the repetition rate of a liquid hydrogen bubble chamber is still low compared with that of most mediumenergy accelerators, e. g. , the UCR L 31.5 -Mev proton linear accelerator 7 maintained a pulse rate of 15 cycles per second while the bubble chamber could be expanded at the rate of only one pulse each 5 seconds" Such a mismatch in duty cycles means that the expected detection--efficiency gain of a bubble chamber over a counter telescope is reduced from the order of a thousand to a factor of about ten.
An important consideration in the application of a ~ubble chamber to the problems of neutron spectroscopy is the method employed in measuring recoil-·proton energies and determining the energies of the / associated neutrons. In order to take advantage of the inherent detection efficiency of the bubble chamber, it is necessary to provide analysis of the recoil events that is both rapid and accurate. An electronic coordinatemeasuring device with IBM punched-card output and an electronic digital computer were used as the basis of our track-analysis system for the ·stereo bubble chamber photographs.
The neutrons to be analyzed during the course of this work were produced by the bombardment of several elements with 31.5 -Mev protons
from the UCR L proton linear accelerator. It was desired to test the entire neutron-detection system, including environment, shielding, bubble chamber, and the data-analysis system, in situ by producing 14.1-Mev neutrons from low-energy deuteron bombardments of tritium. The origin of these neutrons was made to be the same as that for the targets to be bombarded later by protons.
II. FEATURES OF BUBBLE CHAMBER AND OPERATION
The 4-in. -diameter liquid hydrogen bubble chamber employed in this work has been described previously. 6 A schematic diagram of this chamber is shown in Fig. 1 and a photograph of the glass and steel chamber is given in Fig. 2 . . The "sensitive" liquid hydrogen occupies a disc-shaped volume that is 4 in. in diameter and 2 in. thick.
A. Photography
The recoil-proton tracks in the liquid hydrogen were photographed by a 35 -mm stereo camera located at 90° from the incoming neutron . direction. The bubble chamber was illuminated from the rear by light from a xenon-filled flashtube which was focused between the two camera lenses in order to provide dark-field illumination.
Polaroid-Land photographs could be made by using a remotely controlled mirror to place the bubble chamber image before a Polaroid camera which was located at a 90° angle to the stereo camera axis. The rapidly available Polaroid-Land photographs provided convenient checks on chamber operating conditions and track quality. In order for the neutron-detection device to be effective, it was necessary to insure that background electron tracks arising from the con,.
version of gamma rays produced in the target be minimized. Since no magnet was used in this work because its heating effect would increase the cycling time of the chamber and would also introduce a large neutronscattering mass near the chamber, it was necessary to use the method of "track bias" to distinguish between recoil protons and electrons.
6 By operating the chamber at a lower temperature than is normal, it was possible to bias out the minimum-ionizing electrons. However, the chamber could not be allowed to become too cool or the recoil-proton tracks would also begin to disappear. The tolerable temperature variation about the selected operating point of 26°K was± 0.05°K. This temperature range represented the limits of regulation ability of the 4-in.chamber system,. and objectionable electron sensitivity would occasionally appear during the warm portion of a. temperature eye le. This effect did not occur during the measurements of '\ neutrons from the d-t reaction because. of the absence of gamma-ray production.
C. Collimation and Shielding
A plan view of the experimental arrangement is shown in Fig. 3 . A photograph of the bubble chamber in its running position at the linac is given inFig. 4 .
The shielding and beam collimation used for the d-t runs were identical to those used during the succeeding 31.5 -Mev proton bombardments and were thus intended to attenuate the gamma-raybackground expected in the latter case as well as the scattered neutron background. A 4-in. layer of 
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subsequently "coasted" through the unused tank of the linac and were directed by a steering magnet and strong-focusing quadrupole magnet set onto the target (see Fig. 3 ). The target was composed of tritium absorbed in a titanium disc 10 which was sufficiently thick to stop 2-Mev deuterons. Since the d-t reaction cross section is maximum near a deuteron kinetic energy of 100 kev, 11 it was desired that the deuterons be brought to rest within the tritium -tatanium target. A gold foil having a thickness sufficient to reduce the energy of 4-Mev deuterons to less than 2 Mev was placed on the front ofthe target assembly.
It was found that a beam of deuterons, accelerated by the Van de Graaff generator being pulsed at its usual 15 -cps repetition rate, produced a neutron flux in the control room about 70 times the intensity accepted as permissible.
Since the bubble chamber repetition rate was only one expansion each 5 seconds, the neutron-flux level was brought within the allowable limit by accelerating deuterons only when the chamber was sensitive. This was. done by also applying the trigger pulse for bubble chamber expansion to the deuteron ion source within the Van de Graaf£ generator, thus obtaining the deuteron beam only when it was effective in the chamber. During initial alignments, when steady beams were required, it was observed that singly ionized hydrogen molecules from the proton source could be made sufficiently abundant to permit the necessary bending-and focusing -magnet adjustments· to be made without neutron production. No further adjustment was necessary upon change -over to a deuteron beam, provided the Van de Graaff voltage was ·held constant. Since deuterons were accelerated only when the bubble chamber was sensitive to radiation, the total charge collected by the target assembly could be used for comparison of various runs. The target holder .... For use with the bubble chamber, the OSCAR had to be adapted to stereo projection. We used a common home stereo projector extensively modified· so that it could project the nonstandard stereo pairs, which were separated by 3.5 in. on the 35 -mm roll film. This projector was further modified by having individual solenoid-operated shutters placed in front of each lens and by having the lenses mounted so that they could be moved both vertically and horizontally with respect to each other. A remotely controlled film-advance system was also added. All these controls and a focus control were located above the projection screen.
* Manufactured by the Benson-Lehner Corporation, Los Angeles, California. UCRL-8604
Since the reading procedure was standardized, a shutter -control chassis was given the function. of displaying the proper stereo view on the' screen at each state of a measurement. The reader, after entering an identification number manually, had only to place the cross hairs at the proper position and press a button for automatic recording of the data.
After a rnea~urernent, views chaJ?.ged automatically. The reader measured a fiducial position in each view for each picture in order to establish an j absolute coordinate system for the tracks in that picture. This IBM "fiducial" card, which recorded the reading for the fiducial marks, was followed by a "track" card for each track in that picture. The track card contained the coordinates of the end points of the track in each view. With this system, shown in Fig. 6 , a reader could measure a track in less than 10 seconds.
B. IBM 650 Computations
The new 11 fiducial card 11 
The six quantities calculated by the IBM 650 were punched onto an IBM "answer card" which also contained the individual track's identification number. Since there was a complete de scription of each event on these answer cards, it was easy to obtain any spectral information about the above six quantities by using the IBM 650. The final neutron-energy spectra-..;.in which efficiency corrections were applied--as we 11 as angular distributions were computed in this manner.
· .. 
D. Instrumental Efficiency Correction
In calculating the efficiency it is necessary to take into account the variation of the n-p cross section with energy, the decrease of the neutron flux in passage through the hydrogen, the angular acceptance limits of 0° 0 to 30 , and the loss of recoils that, even though they start in the sensitive volume, end beyond its limits.
The variation of the n-p cross section is well known and goes approximately as 1/E with energy; n-p cross-section data were taken from the curves of Hughes and Harvey for this calculation. 14 The angular distribution ...
-15-UCRL-8604
The calculation of the absolute efficiency of the bubble chamber as a function of neutron energy was made by considering the sensitive volumA to be divided into two sections as shown in Fig. 8 . Section 2 was chosen to have length R (0~ E ) equal to the range of a forward-going proton which has n an energy E . Thus, Section 1 has a length L-R such that any recoil that -16-
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For Section 2 we must consider not only the probability of the formation of a recoil proton and the rejection of recoils at angles greater than 30°, but also the additiona~. loss of tracks because of extension beyond the end of the chamber. A convenient coordinate system for Section 2 is that shown in Fig. 8B , where a distance r is measured from the end of the seFtion. A recoil track produced within an element of length dr at r will extend beyond the end of Section 2 unless it is at an angle fJ greater than a certain value fJ · 0 with the incoming neutron direction along the m1n cylinder axis. Let R be the range of a proton withE (fJ = 0°) and i. be 
m1n
The lower limit of r . is used instead of zero because at r = r . , · m1n m1n
8 . = 30°. Hence from r = 0 to r = r.. . no acceptable tracks are produced, m1n · m1n
as is shown in Fig. 8C·; r .
The determining condition for r . is m1n = R (cos 30°) ( 2 x + 1 ).
The total number of acceptable recoils produced in the sensitive -volume cylinder from N 0 neutrons of energy En impinging upon it is given by
The absolute efficiency e(E ) of the bubble chamber for detecting neutrons
The integral was evaluated by expanding the exponential into a power series . . The results for each condition are summarized in Table I .
None Table I Effects of collimation on d-t spectrum in Fig. 13 . In order to retain good resolution and also to maximize the target-to-background ratio of neutrons in the accepted spectrum, it was decided to accept recoils from 0° to 30° only in proton bombardments.
As shown in Fig. 11 , the full width at half maximum for the 5/8-in. Therefore, the resolution of the complete system at 14 Mev was about 10%.
There are several factors that contribute to this resolution. There are errors in reading that arise from not placing the cross hairs exactly on the proper bubble image. Tests were conducted in which readers read and reread the same data, without knowing that they were being examined. It was found that a mean error no larger than 0. This would result in a symmetrical distortion of the spectrum and would also explain the better resolution obtained with the larger (7 /8-in. -diameterf collimator.
CONCLUSION
The hydrogen bubble chamber, when coupled to a fast data-processing system, appears to be a useful neutron -spectrometer with moderately good resolution and high efficiency. Its usefulness will be enhanced when it is utilized with particle accelerators whose duty cycles are more comparable to'that of the bubble chamber. It should be noted that the 4-in. chamber was not designed for the purpose of neutron spectroscopy, but was actually a prototype instrument built for testing experimental features to be used in 
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